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To cite this version: We report on the intensity modulation of a characteristic x-ray line emitted by a periodic structure, as a function of the observation angle. This intensity variation takes place around the Bragg direction corresponding to the diffraction of the x-ray line by the emitting structure. An enhancement of the emitted radiation is observed and interpreted on the basis of the reciprocity theorem. According to the dynamical theory of x-ray diffraction, a characteristic x-ray line emitted from an element inside a periodic structure can be diffracted by the same emitting structure under Bragg conditions. 1 Interferences due to the diffraction process cause a modulation of the x-ray line intensity as a function of the exit angle in the narrow angular range satisfying the Bragg condition.
Variation as a function of the exit angle has already been observed and interpreted theoretically for the case of x rays emitted by a multilayer system irradiated by photons ͑fluo-rescence͒. This process was used to obtain information about the interfacial roughness.
2 Analogy can also be made with the intensity variations of the x-ray fluorescence observed under grazing exit condition. 3, 4 These variations had been interpreted in a coupled wave analysis by assuming that the field in the device consisted of two counter-running waves. 5 These waves feed energy into each other due to the spatial modulation of the material. At the endpoints of the device a wave starts with zero amplitude receiving its initial energy through feedback from the other wave.
In order to study the dependence of the x-ray intensity emitted around the Bragg direction on the thickness of the emitter, we have analyzed the intensity of a characteristic line emitted by a periodic system as a function of the observation direction and of the energy of incident electrons. Indeed, because the electrons gradually lose their energy in the matter, it is possible to generate the x rays in the first periods or in all the periods of the multilayer.
We report here our results on the intensity variation of the Si K␣ doublet emitted by a Mo/Si multilayer. The Mo/Si multilayer is made of 40 Mo/Si bilayers deposited by electron beam evaporation on a Si substrate. The thicknesses of the Mo and Si layers are 1.6 and 3.2 nm, respectively, leading to a superlattice period of 4.8 nm.
An electron beam produced by a Pierce gun ͑0-10 keV, 0-10 mA͒ is used to ionize the Si 1s core shell of the silicon atoms present in the sample. The irradiated surface is about 1 cm 2 . The experimental setup is such that the directions of the incident electrons and the detected photons are perpendicular. Then, the angle ␣ between the sample surface and the direction of the detected photons is equal to the incidence angle of the electrons on the sample ͑Fig. 1͒. The Mo/Si multilayer is glued with a silver paint on a rotary sample holder. Its rotation axis is perpendicular to the plane defined by the electron and photon directions ͑Fig. 1͒. This device enables us to vary the angle ␣ around the Bragg angle of the Mo/Si multilayer for the Si K␣ emission ͑76.8 mrad͒ with a relative precision of Ϯ1.5 mrad. The Bragg angle is calculated by taking into account the refraction index correction. The Si K␣ emission ͑2 p -1s transition at 0.713 nm͒ from the Mo/Si multilayer is analyzed with a high-resolution Johann-type x-ray spectrometer 6 using an InSb͑111͒ crystal (dϭ0.374 nm) at the first reflection order. The acceptance angle by the spectrometer is 0.4 mrad.
The spectrometer is positioned at the peak of the Si K␣ emission and the intensity is measured as a function of the exit angle ␣. This measurement is performed for 4 keV incident electron energy, i.e., higher than the Si 1s ionization threshold ͑1.84 keV͒. A semiempirical model is used to estimate the depth distribution of the ionization for a bulk homogeneous material. 7, 8 The calculations are performed by simulating the multilayer structure with a 196-nm-thick MoSi 2 film on a Si substrate. The ionizations are produced in the first 140 nm, i.e., in the 30 first bilayers. Then, the silicone substrate is not involved in the x-ray emission spectrum.
In Fig. 2 , we plot the distribution of the Si K␣ radiation between 35 and 105 mrad, emitted by the multilayer at 4 keV. It presents a maximum at an exit angle taken as zero in Fig. 2 . This angle is near the Bragg angle of the Mo/Si multilayer for the Si K␣ emission. A dip appears towards the larger angles of the maximum. A similar experiment performed at the same incident electron energy on a silicon single crystal only shows a monotonous behavior as a function of the exit angle. The observed intensity, normalized to take into account the number of emitting atoms, is plotted in Fig. 2 . The relative intensity of the maximum with respect to the background has been estimated. This quantity, called the enhancement factor, is about 1.13Ϯ0.02. The intensity modulation observed for the multilayer spreads over an angle range of about 30 mrad. By using the optical model presented in Ref. 9 , we have estimated the angular width of the multilayer reflection curve to be of the same order. Then, the intensity modulation extends over the entire Bragg reflection range. One expects an increase of the enhancement factor with the narrowing of the multilayer reflection curve.
A calculated angular distribution is derived from a model similar to that previously implemented to describe the Bragg diffraction of the fluorescence emission in the multilayer. 2 We consider that the excitation created by the incident electrons is independent of the depth, the slowing down of the electrons being neglected. To calculate the detected electromagnetic intensity I d , the sample is supposed to be stratified, so that the concentration C j of the element j depends only on the depth z. Then I d depends on z and the direction d of the emitted beam. Its value is determined by using the Helmoltz reciprocity theorem, 10, 11 which specifies that the electric field on the detector can be deduced linearly from the field E d produced at the point of the source by a fictitious dipole situated at the position of the detector. The calculation is performed by using the standard matrix formalism suited for the optics of a multilayer medium. 9, 12 It results in the intensity emitted by the element j, measured in the direction d , being proportional to
The simulated intensity distribution is plotted in Fig. 3 , and compared to the experimental one. In Fig. 3 , the zero angle is the Bragg angle of the theoretical curve. The experimental curve is adjusted at the intensity jump of the theoretical curve, i.e., very close to the Bragg angle. The agreement between both curves is satisfactory in the modulation region. From the lower exit angles, the intensity increases up to a maximum for an ␣ angle very near to the Bragg angle. Beyond, the outgoing intensity decreases rapidly and a dip is observed.
Observations for lower incident electron energy ͑2.1 keV͒, i.e., for only four emitting bilayers, show an intensity modulation in the same angular range with the same enhancement factor. However, a change of the shape is observed, making the dip disappear. Such a modification of the shape would not be expected under x-ray excitation because no depth selectivity is observed with photons. From our results, a few periods are sufficient to provide the buildup of the enhancement. It can also be noticed that the maximum is located towards higher or lower angles according to whether the studied element is heavy or light.
An important point must be underlined: it concerns the possibility of using a periodic system simultaneously as emitter and resonator in the x-ray range to achieve a distributed feedback laser, as suggested by Yariv 13 and Yariv and Yeh.
14 Up to now, experiments developed with the aim of amplifying the soft x-ray emissions have been performed by subjecting the x-ray laser beam to one, or more, reflections on an independent optical system in the Fabry-Pérot optical scheme. 15 Then, in this configuration the emitting and amplifying media were not the same.
To build a distributed feedback soft x-ray laser, the advantage of a multilayer-based device over the crystal-based proposed by Yariv, 13 is that the superlattice period can be adapted to any wavelength in the soft x-ray range. The possibility of implementing a multilayer structure as an efficient resonator is practically evidenced by our experiment. The next step consists in using as a lasing medium a multilayer structure, in which one of the two types of layer behaves as an amplifying medium with respect to the lasing wavelength.
